Using lattice QCD, a diquark can be studied in a gauge-invariant manner by binding it to a static quark in a heavylight-light hadron. We compute the simultaneous two-quark density of a diquark, including corrections for periodic boundary conditions. We define a correlation function to isolate the intrinsic correlations of the diquark and reduce the effects caused by the presence of the static quark. Away from the immediate vicinity of the static quark, the diquark has a consistent shape, with much stronger correlations seen in the good (scalar) diquark than in the bad (axial-vector) diquark. We present results for m π = 293 MeV as well as m π = 940 MeV, and discuss the behavior as the pion mass changes.
INTRODUCTION
Diquarks are two-quark systems whose collective behavior may elucidate many phenomena of strong interactions [1] . Notably, the properties of baryons are often explained using a quark-diquark description [2, 3] . Diquarks are also important ingredients in models of exotic hadrons [4] .
The simplest diquark interpolating operators are quark bilinears with spinor part q T CΓq. The favored combinations are color antitriplet, even parity [4] . These are divided into "good" and "bad" diquarks. The good diquarks, q T Cγ 5 q, have spin 0 and are flavor antisymmetric due to fermion statistics. The bad diquarks, q T Cγ i q, have spin 1 and are flavor symmetric.
Both one-gluon exchange in a quark model [5, 6] and instanton [7] models give a spin coupling energy proportional to S i · S j , which favors the good diquark over the bad diquark. The strength of this coupling falls off with increasing quark masses. For the instanton model, the effective interaction has a flavor dependence that also favors the good diquark.
CORRELATION FUNCTION
Since diquarks are not color singlets, studying them within the framework of lattice QCD has been done by combining one with a third quark to form a color singlet. Diquark attractions result in spatial correlations between the two quarks in the diquark, which have been probed by computing a two-quark density [8] or a gauge-fixed wavefunction [9] .
In this work, we combined a diquark, formed from degenerate u and d quarks, with a static quark s. We used the baryon interpolating operator B = ε abc u T a CΓd b s c , taking Γ = γ 5 for the good diquark and Γ = γ 1 for the bad diquark, and calculated the single quark density and the simultaneous two-quark density:
where J f µ =f γ µ f is the local vector current. In order to isolate the correlations caused by the diquark interaction and remove the effect of the static quark, we define the normalized correlation function: This divides out the tendency to stay near the static quark and has the property of being zero if the two light quarks are uncorrelated (i.e. if ρ 2 (r 1 , r 2 ) = ρ 1 (r 1 )ρ 1 (r 2 )). The downsides are that C does not integrate to zero (which would be the case without the denominator), and it is possible for C(r, r) to increase without bound as |r| → ∞.
LATTICE CALCULATIONS
We used a mixed action scheme [10] with domain wall valence quarks and staggered sea quarks, with m π = 293(1) MeV, lattice spacing a = 0.1241(25) fm, and volume 20 3 × 64. For comparison, we also used a heavy quark mass, with m π ≈ 940 MeV. Since the effects of dynamical sea quarks are negligible at that mass, we performed a calculation with quenched κ = 0.153 Wilson fermions on the OSU_Q60a ensemble [11] , which has volume 16 3 × 32 with lattice spacing a = 0.088 fm.
In order to remove the contributions to ρ 1,2 caused by the periodic boundary conditions, we fitted an elevenparameter function (motivated by the so-called ∆ ansatz for the static potential for interacting quarks at short distances [12, 13] ) to ρ 1,2 and used it to subtract off the nearest-neighbor image contributions. The image-corrected ρ 1,2 were then used to compute the correlation function C. A more detailed discussion is available in [14] .
RESULTS AND DISCUSSION
We present results using the more convenient coordinates R = (r 1 + r 2 )/2 and r = (r 1 − r 2 )/2, labeling their magnitudes by R = |R| and r = |r|, and using θ to denote the angle between R and r.
As a check of how well the correlation function isolates the diquark from the effect of the static quark, we compared different directions of r. Even at R = 0.2 fm, C was independent of the direction of r, indicating that this correlation function works quite well.
Finally, we can compare the systems. Figure 1 shows the profile of the correlation function C in the direction r ⊥ R at two fixed distances R from the static quark to the center of the diquark, and Fig. 2 shows the full dependence of C on r, at fixed R = 0.4 fm. The good diquark has a large positive correlation at small r that becomes negative at large r. The bad diquark has similar behavior with smaller magnitude. The difference between the good and bad diquarks is larger for the lighter pion mass, as expected from the quark mass dependence of the spin coupling that splits good and bad diquarks. As R increases, both the correlation and the size of the positive region grow, although it is possible that some of this growth of C as R increases may arise from the normalization of the correlation function.
Our main conclusions are seen clearly in Fig. 2 . The diquark correlations are highly independent of θ , indicating negligible polarization by the heavy quark, are much stronger in the good rather than the bad channel, and increase strongly with decreasing quark mass. Finally, it is important to note that the diquark radius is approximately 0.3 fm and the hadron half-density radius is also roughly 0.3 fm, so the diquark size is comparable to the hadron size. This is reminiscent of the size of Cooper pairs in nuclei, and argues against hadron models requiring point-like diquarks.
